The reelin signaling pathway plays a crucial role during the development of laminated structures in the mammalian brain. Reelin, which is synthesized and secreted by Cajal-Retzius cells in the marginal zone of the neocortex and hippocampus, is proposed to act as a stop signal for migrating neurons. Here we show that a decreased expression of reelin mRNA by hippocampal Cajal-Retzius cells correlates with the extent of migration defects in the dentate gyrus of patients with temporal lobe epilepsy. These results suggest that reelin is required for normal neuronal lamination in humans, and that deficient reelin expression may be involved in migration defects associated with temporal lobe epilepsy.
Newborn forebrain neurons migrate from their site of origin to their definitive positions in the cortical plate. Defects in neuronal migration are often associated with epileptic disorders (Palmini et al., 1991) . Temporal lobe epilepsy (TLE), one of the most common neurological disorders in humans (Margerison and Corsellis, 1966) , is accompanied by Ammon's horn sclerosis (AHS) and granule cell dispersion (GCD), a defect in granule cell migration (Houser, 1990; Armstrong, 1993) . A similar altered granule cell migration is observed in a mouse mutant, the reeler mouse (Rakic and Caviness, 1995) .
Recently, the gene deleted in this mouse mutant was cloned and the protein it encodes was named reelin (D'Arcangelo et al., 1995; Hirotsune et al., 1995) . Reelin is synthesized and secreted by Cajal-Retzius (CR) cells in the marginal zones of the neocortex and hippocampus (D'Arcangelo et al., 1995 Hirotsune et al., 1995) . Mice lacking reelin and its lipoprotein receptors apolipoprotein E receptor 2 (ApoER2) and very low density lipoprotein receptor (VLDLR) as well as mice deficient in the adaptor protein disabled 1 (dab1) show severe migration defects in the neocortex, hippocampus, and cerebellum (Rakic and Caviness, 1995; Howell et al., 1997; Sheldon et al., 1997; D'Arcangelo et al., 1999; Trommsdorff et al., 1999) . Reelin deficiency in humans is associated with autosomal recessive lissencephaly that is characterized by malformations of the cerebellum, hippocampus, and brainstem (Hong et al., 2000) . Recently, increased numbers of CR cells were found both in reeler mice (Coulin et al., 2001 ) and in tissue samples from TLE patients (Blümcke et al., 1999) , raising the possibility that alterations in CR cells and in the reelin pathway underlie neuronal migration defects in reeler mutants and in humans with TLE.
To this end, we have studied the expression of reelin, VLDLR, ApoER2, and dab1 in tissue samples of hippocampus removed from TLE patients for therapeutic reasons. We correlated reelin expression to the extent of GCD and compared these data with control tissue from tumor patients and with tissue from autopsy cases with no identified neurological abnormalities.
MATERIALS AND METHODS
Patient selection. A total of 22 patients (mean age, 36.9 Ϯ 9.6 years) undergoing selective amygdalohippocampectomy or two-thirds temporal lobectomy with amygdalohippocampectomy for medically intractable TL E were included in this study (Table 1) . In all patients, the removal of the hippocampus was clinically warranted to achieve seizure control. Presurgical assessment consisted of the documentation of a detailed history and neurological examination. All patients experienced pharmacoresistant complex partial seizures (C PS). The epileptogenic focus was localized to the temporal lobe in all patients. For comparison, the hippocampi from seven subjects (mean age, 28.3 Ϯ 9.2 years) with no history of neurological or psychiatric disorder were collected at autopsy within 48 hr of death. Informed consent was obtained from patients and families of controls according to the declaration of Helsinki. The Ethics Committee at the University C linic Freiburg (Freiburg, Germany) approved the selection process and procedures.
T issue preparation. Hippocampi were collected in isotonic saline, and 2 mm coronal sections at the midlevel of the hippocampus were cut. Slices for PCR and Western blot analysis were immediately frozen and kept at Ϫ80°C. Tissue for morphological analysis was immersion-fixed in buffered 4% paraformaldehyde followed by cryoprotection.
In situ hybridization histochemistr y. Serial sections (coronal plane, 40 m) were cut on a cryostat and alternately processed for cresyl violet staining or for in situ hybridization (ISH). Reelin, synapsin I, and dab1 mRNAs were detected with digoxigenin-labeled riboprobes (Haas et al., 2000) .
Measurement of GCD. The average width of the granule cell layer (GCL) of the dentate gyrus was determined in cresyl violet-stained sections of epileptic (n ϭ 22) and autopsy (n ϭ 7) hippocampi. T wenty consecutive measurements were taken at 50 m intervals covering a region of 1000 m within the lower (infrapyramidal), relatively straight limb of the dentate gyrus (Houser, 1990) . The distances from the inner (hilar) border of the GCL to the outer border of the most distal granule cell somata were determined using an image analysis system (StereoInvestigator; MicroBrightField Inc., Colchester, V T). The mean and SD of 20 measurements in five sections were calculated for each case.
Cell counting. Reelin mRNA-positive cells were counted along the hippocampal fissure in five consecutive sections of epilepsy (n ϭ 15) and autopsy (n ϭ 7) hippocampal specimens at 200ϫ magnification using a counting grid, defining an area of interest to a width of 500 m along the hippocampal fissure.
Microdissection of the dentate g yrus for PCR anal ysis. Cryosections (50 m) of the hippocampus were collected on RNase-free slides and fixed in Ϫ20°C ethanol (75%; 20 min). Three sections were used for measurements of GCD, and three sections were stained with toluidin blue (1% in 75% ethanol; Ϫ20°C) for microdissection. For this, the dentate gyrus was excised using a scalpel blade and collected in Trizol (Invitrogen, C arlsbad, CA). The remainder of the section was kept for measurements of the microdissected volume, which was determined with an image analysis system. The averaged volume from three sections per patient was used for normalization.
R NA e xtraction and reverse transcription. Total RNA was isolated according to the manufacturer's instructions along with 0.5 ng of Drosophila poly(A ϩ ) RNA (C lontech, Palo Alto, CA) added as external standard. RNA was treated with DNase (Invitrogen), and reverse transcription (RT) was performed in 30 l reactions containing Յ2 g of RNA, 1 g of oligo(dT), 500 M deoxyN TPs, 30 U of RNase inhibitor, and 200 U of Moloney murine leukemia virus-reverse transcriptase (all from Promega, Madison, W I) for 60 min at 40°C following a standard protocol.
Real time quantitative RT-PCR .
Abundance of transcripts was determined by real-time quantitative PCR on a GeneAmp 5700-System with SYBR Green (Applied Biosystems, Foster C ity, CA). Primers [human reelin: forward 5Ј-GCACCAGCCAAAGGAC TTCA-3Ј, reverse 5Ј-GT-TGCCACCAGCGCAGTAA-3Ј; human V LDLR: forward 5Ј-CCAG-TGGCC TAACGGAATTACA-3Ј, reverse 5Ј-CC TACGATC TTGGCC -ATTCAAG-3Ј; human ApoER2: forward 5Ј-GC TGAGCCAGCGC T-TGTAC T-3Ј, reverse 5Ј-GGAGGAGATCAGCGTC TTTC TG-3Ј; human dab1: forward 5Ј-ATCGCAGTGAAGCCAC TTTGATA-3Ј, reverse 5Ј-AGC TGCGGAAAC TTCATCAATC -3Ј; Drosophila glucose-6-phosphate dehydrogenase: forward 5Ј-ACACCGCCCTGGATCTCATA-3Ј, reverse 5Ј-ACGAACGTGTGCGGAATC TT-3Ј] were used at 250 nM. C ycling conditions were as follows: 10 min at 95°C followed by 40 cycles of 1 min at 95°C and 1 min at 60°C. Monitoring the fluorescence signal, which is proportional to the amount of double-stranded product, yielded complete amplification profiles. Melting curves of the amplified products were used to control for specificity of the amplification reaction.
From the amplification curves obtained, a threshold cycle number (C t) was calculated, corresponding to the cycle number at which a userdefined fluorescence signal is reached. Differences in C t values were used to calculate relative amounts of PCR product. Details of this relative quantification can be found at: http:// w w w.appliedbiosystems.com /support /(Relative quantitation of gene expression; User Bulletin #2). Because of heterogeneity of the tissue samples with respect to diseaserelated cell loss, an internal standard was found to be unreliable for normalization. Therefore, we used an external standard and the dissected tissue volume to normalize gene expression levels from different patients. 
Groups indicate the patients and cases used for ISH and PCR experiments. Age represents the age of the patients at surgery (TLE) or death (autopsy). Onset refers to the age at which a first epileptic seizure was documented. Duration indicates the duration of the epileptic disorder in years. Frequency indicates the frequency of seizure attacks, and seizure indicates the type of seizure (SPS, single partial seizure; sGS, secondary generalized seizure). M, Male; F, female.
Western blot anal ysis. Protein extracts were prepared from isolated human dentate gyrus, size-fractionated by SDS-PAGE, and transferred to nylon membrane by electroblotting. Immunodetection of dab1 was performed by treatment with an anti-dab1 antibody (1:5000; Chemicon International, Temecula, CA) followed by incubation with an alkaline phosphatase-coupled secondary antibody and enhanced chemiluminescence for detection.
RESULTS
In hippocampal sections of control tissue (Fig. 1a-c) , many reelin mRNA-expressing neurons were found by ISH. Reelin mRNApositive cells showed a bipolar morphology resembling CR cells and were predominantly located at the hippocampal fissure (Fig.  1c) . To test for RNA integrity in the autoptic hippocampi, ISH for synapsin I mRNA was performed in parallel with the tissue samples probed for reelin. Synapsin I mRNA, encoding for a neuron-specific protein, could be detected in virtually every neuron of the dentate gyrus, confirming the RNA integrity of the autoptic tissue (data not shown).
Next, we investigated the expression of reelin mRNA in hippocampal specimens from patients with TLE. In specimens with mild GCD (visualized by cresyl violet staining), many reelin mRNA-positive cells were observed, located predominantly at the hippocampal fissure (Fig. 2a,b) . In contrast, in TLE cases with severe GCD, we found only very few reelin mRNA-positive cells (Fig. 2c,d) . In a quantitative analysis of 15 TLE patients and seven autopsy cases (see also Table 1), the number of reelin mRNA-expressing neurons was counted. In parallel, the width of the GCL, used as an indicator of GCD, was measured in cresyl violet-stained serial sections of the same hippocampi. This analysis revealed a striking correlation: In epileptic hippocampi with little GCD, many reelin mRNA-positive cells were counted, similar to values of nonepileptic controls. In contrast, in hippocampal sections from patients with severe GCD, we found only low numbers of reelin mRNA-expressing neurons, indicating an inverse correlation between the extent of GCD and reelin mRNA expression in individual cases of epileptic disorder (Fig. 2e,f ) .
To substantiate this semiquantitative result obtained by cell counting, we applied a quantitative RT-PCR approach. Because the epileptic material varied considerably with respect to cell death and gliosis, we developed a quantification procedure that included three additional steps: (1) microdissection of the dentate gyrus, (2) morphometric measurement of the microdissected volume, and (3) addition of an external, unrelated standard RNA [Drosophila poly(A ϩ )] before reverse transcription and PCR analysis. This procedure made it possible to normalize gene expression levels from different patients.
This quantitative RT-PCR approach was used to measure reelin mRNA expression in sections of seven epileptic hippocampi. The PCR results were compared with the extent of GCD measured in cresyl violet-stained sections of the same cases. The relative abundance of reelin mRNA varied considerably between the individual epileptic hippocampi (Fig. 3a) ; however, when compared with the width of the GCL, a clear correlation was observed. In cases with small GCD (Fig. 3a,c, case 1) , high levels of reelin mRNA were found. In contrast, in cases with severe GCD (Fig. 3a,c, case 7 ) , only small amounts of reelin mRNA were measured. In conclusion, a similar inverse correlation between reelin mRNA expression and GCD as observed by cell counting was found by quantitative RT-PCR (Fig. 3e) .
Reelin, acting as a stop signal for migrating neurons, requires the presence of reelin receptors on the respective target cells. Therefore, we investigated simultaneously the expression of VLDLR (Fig. 3b) , ApoER2 (Fig. 3d) , and dab1 (Fig. 3f ) mRNAs in the same epileptic cases by quantitative RT-PCR. All three mRNA species are expressed in human hippocampi with AHS. The relative dab1 mRNA levels were high in contrast to the low expression levels of VLDLR and ApoER2 mRNA. No correlation to GCD was observed for these three mRNA species. However, dab1 mRNA was localized to dentate granule neurons in the human dentate gyrus by ISH (Fig. 3g,h ), and dab1 protein was detected by immunoblotting in extracts from human hippocampus (data not shown), suggesting that reelin signaling takes place in granule cells.
DISCUSSION
Our results show an inverse correlation between reelin expression and GCD in human epileptic hippocampal tissue. Lack of reelin during development prevents the formation of a densely packed GCL in reeler mice. We observed very few reelin mRNAsynthesizing CR cells and low reelin mRNA levels in tissue samples from TLE patients with pronounced GCD, indicating that reelin is also essential in humans for the formation of a densely packed GCL. It should be pointed out, however, that reelin expression is reduced, not absent, in the present tissue samples from TLE patients. A defect in the human reelin gene resulting in a lack of reelin expression is associated with autosomal recessive lissencephaly (Hong et al., 2000) . We do not know whether reelin expression is similarly reduced in other brain regions of the present patients with TLE. Alternatively, focal lesions (e.g., focal ischemic insults) may have caused CR cell degeneration or dysfunction in the affected regions, eventually leading to local deficits in reelin expression and, as a result, to local migration defects. Focal ischemia during development is associated ApoER2 ( d) , and dab1 ( f) mRNA in the dentate gyrus of individual epileptic human hippocampi. The epileptic cases (n ϭ 7) were identical to the ones shown in a. c, Histogram showing the width of the GCL in the dentate gyrus of individual epileptic hippocampi. The width of the GCL was measured in cresyl violet-stained sections of the same cases (n ϭ 7) as shown in a. e, Correlation of reelin mRNA levels and the width of the GCL. The reelin mRNA levels shown in a were plotted against the width of the GCL ( c). g, Expression of dab1 mRNA in granule cells of a normal human dentate gyrus visualized by ISH. h, Expression of dab1 mRNA in the dentate gyrus of a TLE patient. Note dab1 mRNA in dispersed granule cells. Scale bars, 80 m ( g, h) . ML, Dentate molecular layer.
with local migration defects (Gressens et al., 1996) , which in turn are known to underlie the development of certain forms of epileptic disorders (Gleeson and Walsh, 2000) . Moreover, ischemia leads to increased release of the excitatory neurotransmitter glutamate (Nishizawa, 2001) , and glutamate agonists have been shown to cause CR cell degeneration (Del Rio et al., 1997) . Morphological analysis of our samples from TLE patients revealed no similar dispersion of nearby hippocampal pyramidal cells, thus being in favor of locally restricted processes underlying GCD.
A unique feature of the granule cells is their enduring postnatal generation (Altman and Das, 1965) , which is even stimulated by epileptic activity in the dentate gyrus (Parent et al., 1997) . Thus, local GCD could represent abnormal migration of newly generated neurons. One is tempted to speculate that seizures in epileptic patients might have caused CR cell degeneration (and hence reduced reelin expression) followed by an altered migration of recently generated granule cells. This interpretation is supported by the finding that in slice culture experiments CR cells were selectively caused to degenerate after application of excitotoxic drugs (Del Rio et al., 1997) . Moreover, in a mouse model of TLE, GCD can be provoked by kainic acid injection (Bouillert et al., 2000) . If seizures caused CR cell death, one would expect to see fewer CR cells and lower reelin mRNA levels in early onset epilepsies and in patients with frequent seizures than in cases with rare seizures. No such correlation was found in the present material. However, besides seizure frequency, the intensity and duration of seizures may vary considerably among patients. Along this line, the lack of immunostaining in our tissue samples for caspase-3, a marker for neuronal degeneration (C. A. Haas, unpublished observation), does not rule out seizure-induced degeneration of CR cells followed by an altered migration of recently generated granule cells.
The observed decrease in reelin expression is not contradictory to previous studies that reported an increased number of CR cells in TLE patients (Blümcke et al., 1999) and reeler mice (Coulin et al., 2001) . Unlike in the present study, CR cells were immunostained for calretinin in these studies, and we have to be aware of different CR cell types (Meyer and Goffinet, 1998; Chen et al., 2001 ) and different types of calretinin-positive neurons (Maglóc-zky et al., 2000) . Double labeling of the present human tissue for reelin mRNA and calretinin indicated that there is only a partial overlap of reelin mRNA-expressing CR cells and the calretininpositive CR cell population in the dentate gyrus (Haas, unpublished observation) .
In conclusion, the reelin pathway seems to be important for granule cell lamination in the human dentate gyrus, because decreased reelin expression in tissue samples from epileptic patients was found to be directly correlated to the extent of GCD. Moreover, we demonstrated here that the various molecules of the reelin signaling cascade, reelin receptors and dab1, are expressed in the human dentate gyrus. Although these data provide evidence for a role of reelin deficiency in the development of GCD in AHS, they do not explain why this migration defect is accompanied by epileptic disorder. Additional studies will have to analyze whether or not a loss of dense granule cell packing is accompanied by an increased synaptic coupling of these neurons.
